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DObjective: Echocardiographic particle image velocimetry is a new feature tracking–based approach to visualize
and quantify left ventricular flow patterns in vivo. We investigated the potential role of this new technique by
assessing vortex formations in healthy left ventricles and the effect of different types of prosthetic valves on in-
traventricular flow patterns and flow-mediated energy dissipation.
Methods: We examined 19 patients (mean age, 57  19 years; 10 women). Nine were healthy, and 10 had pros-
thetic mitral valves (5 had bileaflet valves, 4 had bioprostheses, and 1 had a tilting-disc valve). Boluses of left
heart contrast were administered intravenously. Echocardiographic apical views were analyzed offline by using
prototype software that allowed intracavitary flow to be explored and enabled calculations of energy dissipation
(relative pulsatile vorticity strength and vortex pulsation correlation) by means of particle image velocimetry.
Results: In healthy hearts a vortex filling the entire ventricle stores the kinetic energy of the blood and smoothly
redirects the blood to the outflow tract. In patients with prosthetic valves, completely different flow patterns were
identified depending on the type, orientation, and position of the valves, as well as left ventricular geometry. Pa-
tients with prosthetic valves showed significantly higher left ventricular energy dissipation than healthy subjects
(relative pulsatile vorticity strength, 2.4  0.7 vs 1.6  0.4 [P<.001]; vortex pulsation correlation, 1.2  0.5 vs
0.7  0.2 [P< .001]).
Conclusions: Echocardiographic particle image velocimetry is feasible. It clearly distinguishes flow patterns in
healthy hearts from those in hearts with different types of prosthetic valves. Echocardiographic particle image
velocimetry offers new insights into cardiac function and might be of importance to optimize valve replacement
therapy. (J Thorac Cardiovasc Surg 2010;139:1501-10)Flow can be described as laminar, vortical, or turbulent. Al-
though laminar flow, which can occur in straight blood ves-
sels, is characterized by parallel stream lines, vortical and
turbulent flows are dominated by swirling motion of the fluid
at different scales. In the 15th century, Leonardo da Vinci
pictured vortices in the sinuses above the aortic valve.1 Until
today, vortices in the human circulation remain a challenging
aspect of fluid dynamics. Modern phase-contrast magnetic
resonance imaging (MRI) has shown that vortical flow is
a common finding in the human heart,2-6 as well as in the
great arteries.7,8
Vortices are created when the boundary layer of a fluid de-
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The Journal of Thoracic and Carinflow is converted into a vortex formation at the tips of the
mitral valve leaflets. This vortex formation maintains the
momentum of the blood and allows smooth redirection of
blood flow toward the outflow tract during systole with min-
imal generation of turbulence, thus avoiding large losses of
kinetic energy.5,10,11
Vortical flow can be characterized by the quantity vortic-
ity (u) as follows:
u ¼ Dvy
Dvx
Dvx
Dvy
: (1)
In a 2-dimensional flow field vorticity can be calculated as
the difference of the gradient of the y-component of the
flow velocity in x-direction ðDvy
Dvx
Þ and the gradient of the x-
component of the flow velocity in the y-direction ðDvy
Dvx
Þ
Therefore vorticity is positive with counterclockwise vortex
rotation and negative with clockwise rotation. Laminar flow
has a zero vorticity (Figure 1).9
Because of fluid viscosity, a vortex loses energy. This en-
ergy loss is particularly high if there are rapid changes in
vorticity (high pulsatility) or if many small vortices interact
(turbulence). In other words, a single, large, and steady vor-
tex is an energetically favorable condition, whereas splitting
the bloodstream into smaller, rapidly changing vortices isdiovascular Surgery c Volume 139, Number 6 1501
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Acquired Cardiovascular Disease Faludi et al15Abbreviations and Acronyms02MRI ¼ mThagnetic resonance imagingPIV ¼ particle image velocimetry
RS ¼ relative pulsatile vorticity strength
VPC ¼ vortex pulsation correlation
VRS ¼ vortex relative pulsatile vorticity strengthunfavourable9: kinetic energy gets lost, which needs to be
provided again by the ventricular musculature.
Changes in regional vorticity can be used to estimate en-
ergy dissipation in the fluid. They can be expressed relative
to the steady vorticity component to obtain a dimensionless
parameter. This relative strength of the pulsatile component
of vorticity can be calculated for the entire ventricle (relative
pulsatile vorticity strength [RS]) or for the vortex region
alone (vortex relative pulsatile vorticity strength [VRS]).
RS and VRS are defined as follows:
RS ¼
R
LV
u1ðx; yÞdxdyR
vortex
u0ðx; yÞdxdy (2)
VRS ¼
R
vortex
u1ðx; yÞdxdyR
vortex
u0ðx; yÞdxdy ; (3)
where u0 represents the steady and u1 represents the pulsa-
tile component (first harmonic) of regional vorticity.9
Conceptually similar but with a different mathematic def-
inition, the vortex pulsation correlation (VPC) can be calcu-
lated as follows:
VPC ¼
Avortex
R
vortex
u0ðx; yÞu1ðx; yÞdxdy
 R
vortex
u0ðx; yÞdxdy
2 ; (4)
where u0 represents again the steady and u1 represents the
pulsatile component (first harmonic) of regional vorticity
and Avortex represents the vortex area.
9
The transvalvular flow characteristics of commonly used
prosthetic mitral valves are well known.12 However, the sub-
sequent changes of intraventricular flow patterns, particu-
larly vortex formation, in relation to the type and
orientation of the mitral valve prosthesis are difficult to as-
sess in vivo and have not been characterized. Several factors
influencing outcome in mitral valve replacement have been
reported.13,14 The extent to which intracavitary blood flow
patterns contribute has not been able to be measured and is
thus yet to be determined.e Journal of Thoracic and Cardiovascular SurTraditional spectral or color Doppler echocardiography
measures velocities relative to the transducer. Doppler data
therefore contain only 1-dimensional information on the
blood velocity component toward or away from the trans-
ducer and do not allow assessment of the direction of blood
flow.
Particle image velocimetry (PIV) is a well-known princi-
ple of determining the velocity and direction of fluid streams
by analyzing the change in position of small particles that
drift with the fluid to be investigated.15 With the recent
development of echocardiographic speckle-tracking tech-
nology, it is now possible to apply this approach to con-
trast-enhanced echocardiographic imaging.16-18
In this study we use the new echocardiographic PIV
method to investigate the influence of mitral valve replace-
ment therapy on blood flow patterns in the left ventricular
cavity.MATERIALS AND METHODS
Study Population
We examined 19 patients (mean age, 5719 years; 10 women). Nine
were healthy volunteers without signs or symptoms of heart disease. Ten pa-
tients had prosthetic mitral valves (5 bileaflet valves [29-33 mm, St Jude; St
Jude Medical, Inc, St Paul, Minn] in anatomic orientation, 4 bioprostheses
[29–33 mm, Carpentier–Edwards; Edwards Lifesciences, Irvine, Calif], and
1 tilting-disc valve [Medtronic Hall, 29 mm; Medtronic, Minneapolis,
Minn] with anterior orientation of the greater orifice). Patients with atrial fi-
brillation, segmental wall motion abnormalities, or impaired left ventricular
systolic function (regional wall motion abnormalities or ejection fraction
<50%) were not included. Six patients had medically treated arterial hyper-
tension. The local ethics committee approved the study. All subjects pro-
vided written informed consent before inclusion.
Echocardiographic Image Acquisition
Subjects were imaged in a supine position by using an Acuson Sequoia
C512 ultrasound system (Siemens Medical Solutions, Mountain View,
Calif). In addition to a standard echocardiogram, 2-dimensional grayscale
images were acquired with high frame rate (80–100/s) in all 3 standard api-
cal views and repeated intravenous administration of a low dose of left heart
contrast (0.1–0.2 mL of SonoVue). The mechanical index was set to 0.5 to
0.8 to avoid apical contrast bubble destruction. Images were acquired when
cavity contrast distribution was homogeneous and single contrast bubbles
could be distinguished. Image loops of 3 cardiac cycles were digitally stored
for subsequent offline analysis.
Data Analysis
Conventional 2-dimensional and Doppler recordings were analyzed dur-
ing the examination or with a dedicated workstation (Syngo, Siemens Med-
ical Solutions). We measured left ventricular volumes and ejection fractions
using a biplane Simpson’s approach, as well as left ventricular and left atrial
dimensions and the prosthetic mitral valve gradient.
Particle Image Velocimetry
Echocardiographic loops were processed offline by using a dedicated
prototype software (Omega Flow Version 2.3.1., Siemens). At first, the en-
docardial border was manually traced in one still frame and then automati-
cally tracked by the software during the cardiac cycle. In a second step the
so-defined cavity area was analyzed with a feature tracking algorithm. Con-
trast bubbles were assumed to move with the blood flow, and thus trackinggery c June 2010
TABLE 1. Clinical and echocardiographic characteristics of our study
population
Healthy
subjects
(n ¼ 9)
Patients with
prosthetic MVs
(n ¼ 10)
P
value
Age (y) 40  11 72  6 .000
BSA (m2) 1.82  0.29 1.81  0.16 .972
Male/female sex 4/5 5/5 .808
EDWT septum (mm) 8.9  1.1 11.7  2.2 .003
EDWT lateral wall (mm) 9.3  1.3 11.1  1.3 .009
LV EDV/BSA (mL/m2) 52.8  9.1 50.9  8.7 .643
LV EF (%) 61.6  6.8 59.7  7.6 .079
LA area/BSA (cm2/m2) 9.1  1.3 15.0  2.3 .000
Mean MV gradient (mm Hg) 0.8  0.3 4.5  2.0 .000
MV, Mitral valve; BSA, body surface area; EDWT, end-diastolic wall thickness; LV,
left ventricular; EDV, end-diastolic volume; EF, ejection fraction; LA, left atrial.
FIGURE 1. Definition of vorticity in 2 dimensions. Vorticity is a measure
of the curl of streamlines (gray lines) of a fluid. According to equation 1,
vorticity will be zero (laminar flow) if calculated between points 1 and 2,
and it will be negative if calculated between points 2 and 3 (clockwise rota-
tion). v, Flow velocity; vx,vy, x- and y-components of the flow velocity.
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Third, the software analyzed the left ventricular cavitary flow field and de-
rived parameters to describe flow patterns. The maximal vortex area during
diastole was given in percentages of the left ventricular area. If 2 vortices
were present, the sizes were added. Estimates of energy dissipation (RS,
VRS, and VPC) were retrieved. Flow patterns were visually assessed by in-
terpreting a field of flow velocity vectors superimposed on the grey scale im-
age loops. Color-coded images visualized the flow patterns averaged over
the cardiac cycle.
Statistical Analysis
Continuous variables are presented as means standard deviations. Dif-
ferences between 2 groups were tested for significance by using the unpaired
t test. For more than 2 groups, analysis of variance with a Bonferroni post
hoc test was used. Contingency tables were analyzed with a c2 test. Mean
standard deviations between readings were calculated to assess reproduc-
ibility of data analysis. Data were analyzed with SPSS 13.0 software
(SPSS, Inc, Chicago, Ill).
RESULTS
Patient Data, Feasibility, and Reproducibility
Table 1 summarizes the characteristics of our study pop-
ulation. Patients were significantly older than the healthy
subjects. No significant differences were found between
the groups regarding sex distribution, body surface area,
ejection fraction, or left ventricular end-diastolic volume.
Left atrial area and mean mitral valve gradient were signifi-
cantly larger in patients with prosthetic mitral valves.The Journal of Thoracic and CarBecause of severe emphysema, acquisition of a 3-cham-
ber view was not possible in 1 patient with a prosthetic mitral
valve. Otherwise, offline analysis of left ventricular cavitary
blood flow patterns was feasible in all subjects.
Parameters of vortex area and energy dissipation showed
low intraobserver variability: standard deviations between 3
repeated readings were 3.7%, 6.0%, 5.7%, and 6.2% for
RS, VRS, VPC and vortex area, respectively.Flow Patterns in Healthy Subjects
In all healthy subjects, we found a vortex that detaches
from the anterior leaflet of the mitral valve early after the
peak of the E-wave (Figure 2, A). This vortex rotates coun-
terclockwise in the 4-chamber view and clockwise in the 3-
chamber view and fills almost the entire left ventricle by the
end of the E-wave (Figure 2, B). With atrial contraction, late
mitral inflow is directed more laterally and generates a sec-
ond smaller vortex with equal rotation direction in the basal
half of the left ventricle (Figure 2, C). With the beginning of
systole, the rotating blood is redirected toward the outflow
tract (Figure 2, D). Laminar flow is noted when blood leaves
the left ventricle. Figure 2, E and G, shows the spatial vortic-
ity distribution of the left ventricle averaged over the cardiac
cycle.
Quantitative parameters of energy dissipation are summa-
rized in Table 2. RS and VPC values were significantly
lower in healthy hearts than in patients with prosthetic
valves, whereas the maximal vortex size did not differ be-
tween the groups.Flow Patterns of Bileaflet Valves in Anatomic
Orientation
General pattern. All patients had their bileaflet prostheses
implanted in anatomic orientation (ie, with the hinge posi-
tions approximating commissures of the previous native
valve). The 2 outer orifices generate jets directed toward
the left ventricular septum and the lateral wall. In thediovascular Surgery c Volume 139, Number 6 1503
FIGURE 2. Flow pattern in a healthy left ventricle. Yellow arrows indicating the instantaneous local direction and velocity of blood flow are superimposed
on a contrast-enhanced grayscale image of a 4-chamber view. A-D, See text for description of the temporal sequence. Use the electrocardiogram as time ref-
erence. Normalized regional vorticity in the plane of the 4-chamber view is averaged over the cardiac cycle. Counterclockwise rotation of the blood (positive
vorticity) is color coded in red, and clockwise rotation is color coded (negative vorticity) in blue. Schematic drawings of the dominating flow path as observed
during diastole are shown. G and H, Same display as E and F but a 3-chamber view. Note that in images E and F, the central vortex is surrounded by a color rim
indicating an opposite vorticity. This is explained by blood velocities, which gradually increase from the endocardium toward the vortex structure. Such a ve-
locity gradient can be interpreted as vorticity and is thus color coded.
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the apex first, whereas those of the lateral jet travel slower
(Figure 3, A). Subsequently, during the deceleration of the
E-wave, the septal jet becomes dominant (Figure 3, B)
and forms a major vortex during the A-wave, rotating clock-
wise in the 4-chamber view (Figure 3, C). Thus with the be-
ginning of systole, outflowing blood crosses the previous
inflow area (Figure 3, D).TABLE 2. Characteristics of the left ventricular vortical flow in healthy h
Healthy hearts
All prosthetic
valves P value* Bileaflet valves
VA (%) 50.3  5.9 53.5  13.6 .352 50.6  16.7
RS 1.62  0.43 2.36  0.71 .000 2.33  0.92
VRS 0.43  0.10 0.52  0.16 .052 0.50  0.16
VPC 0.72  0.24 1.20  0.51 .000 1.20  0.60
Relative pulsatile vorticity strength (RS), vortex relative pulsatile vorticity strength (VRS), an
dissipation in the left ventricle. See the text for further details. VA, Vortex area as a percentag
post hoc test (Bonferroni correction).
1504 The Journal of Thoracic and Cardiovascular SurIn general, the resulting vorticity pattern in hearts of pa-
tients with bileaflet valves is opposite to that seen in healthy
hearts: a large clockwise rotating vortex can be seen in blue
in the 4-chamber view (Figure 3, E) whereas the 3-chamber
view shows a counterclockwise rotating vortex in red
(Figure 3, G).
Influence of left ventricular geometry. Two patients with
bileaflet mitral valve prostheses had a marked midseptalearts and hearts of patients with prosthetic mitral valves
P valuey
Bioprosthetic
valves P valuey Tilting-disc valve P valuey
1.000 56.9  8.5 1.000 56.2  15.2 1.000
.037 2.43  0.48 .034 2.28  0.16 .941
1.000 0.53  0.18 .828 0.64  0.09 .315
.041 1.22  0.49 .076 1.22  0.29 .743
d vortex pulsation correlation (VPC) are parameters of flow pattern–dependent energy
e of the left ventricular area. P values versus healthy hearts: *t test yanalysis of variance
gery c June 2010
FIGURE 3. General flow pattern in patients with bileaflet mitral valve prosthesis in anatomic orientation. There is a similar display as in Figure 2. See the text
for a detailed description.
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spectively). In those patients the septal jet did not reach
the apex directly but was redirected toward the lateral
wall. From there, it split into 2 streams forming 2 counterro-
tating vortices: a clockwise rotating vortex in the basal half
of the ventricle and a second, counterclockwise rotating vor-
tex in the apex (Figure 4, A and C, upper panels).
With the beginning of systole, outflowing blood again
crosses the previous inflow area (Figure 4, B, upper panel).
Figure 4, D (upper panel), provides a schematic drawing of
the main flow paths.
Parameters of energy dissipation (RS and VPC) were sig-
nificantly higher in patients with bileaflet valves than in
healthy subjects (Table 2). Compared with patients with bi-
leaflet valves with the general flow pattern, RS tended to be
particularly high in those with altered left ventricular geom-
etry (1.98  0.82 vs 2.85  0.90, P ¼ .171).
Flow Patterns of Bioprosthetic Valves
General pattern. The flow through the bioprosthesis gener-
ates a central jet directed toward the apex (Figure 5, A). It
generates a vortex ring that is visualized as a vortex pair in
a 2-dimensional image (Figure 5, B). With atrial contraction,The Journal of Thoracic and Carthe same flow pattern is reinforced. At the beginning of systole
(Figure 5, C), the symmetry of the flow pattern is lost, the pos-
terolateral vortex part becomes dominant, and the outflowing
blood crosses the previous inflow area again (Figure 5, D).
This dominance of the posterolateral vortex part might also be
noted in the time-averaged color-coded representation of left
ventricular vorticity from both apical views (Figure 5,E andG).
Influence of valve position and left ventricular geometry.
One patient had a marked anteroseptal position of the bio-
prosthesis, resulting in an inflow jet toward the anterior sep-
tum. Similar to the abovementioned bileaflet valves, this jet
is then redirected toward the lateral wall by the hypertro-
phied midseptum (Figure 4, A, lower panel) and forms 2 vor-
tices (Figure 4, B, lower panel). Figure 4, C (lower panel),
shows the time-averaged vorticity in the 4-chamber view,
and Figure 4, D (lower panel), provides a schematic drawing
of the main flow paths.
In hearts of patients with bioprosthetic valves, parameters
of energy dissipation were higher than in hearts of healthy
subjects. RS showed a significant difference, and VPC
showed a trend (Table 2). Energy dissipation was particu-
larly high in the patient with altered left ventricular geometry
(RS, 2.90  0.48; VPC, 1.76  0.66).diovascular Surgery c Volume 139, Number 6 1505
FIGURE 4. Flow patterns in patients with bileaflet valves in anatomic orientation (upper panels) and bioprosthetic valves (lower panels) and marked mid-
septal hypertrophy. A and B, See text for detailed description. Use the electrocardiogram as time reference. Normalized regional vorticity in the plane of the
4-chamber view is averaged over 1 cardiac cycle. Schematic drawings of the dominating flow path as observed during diastole in the 4-chamber view are shown.
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Orientation of the Greater Orifice
In our patient with a single-disc prosthesis, the majority
of the inflow is directed through the greater orifice toward
the septum and then redirected by the hypertrophied ven-
tricular septum to form a large, clockwise rotating vortex
filling the basal two thirds of the ventricle and a small,
counterclockwise rotating vortex in the anterior apex
(Figure 6, A). Similar to the other prosthetic valves, the
outflowing blood crosses the previous inflow area (Fig-
ure 6, B). Likewise, parameters of energy dissipation are
higher compared with those seen in healthy hearts
(Table 2).
DISCUSSION
Flow Patterns in Healthy Hearts
In our study we found vortical flow patterns in the left
ventricle, detaching from the mitral valve during mitral
inflow (Figure 2). Based on the 2-dimensional data ob-
tained in the 3 apical image planes, we could conclude1506 The Journal of Thoracic and Cardiovascular Surthat a 3-dimensional, torus-like vortex structure (similar
to a donut or a smoke ring puffed out by a cigarette
smoker) enters the left ventricle during the beginning of
early diastole. Because of the asymmetry of the left ven-
tricular inflow tract, the anteroseptal side of the vortex for-
mation becomes dominant and persists in the center of the
cavity, leading to the described rotational motion of the
blood in the ventricle, whereas the smaller posterior part
of the vortex diminishes rapidly. This is in concordance
with prior physical and numeric modeling19-22 and sup-
ported by in vivo studies with color Doppler imaging23
and MRI.2-4
During atrial contraction, we found a more laterally di-
rected mitral inflow forming a second vortex structure at
the basal half of the ventricle. This is in concordance with
MRI observations reported by Fyrenius and colleagues,4
who similarly describe 2 different pathways of the inflowing
blood during early and late filling.
At the very end of diastole, a single large vortex is present,
and blood is smoothly redirected toward the outflow tract forgery c June 2010
FIGURE 5. General flow pattern in patients with bioprosthetic valves. There is a similar display as in Figure 2. See the text for a detailed description.
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ing by others.20,21
Bileaflet Valve in Anatomic Orientation
The nonphysiologic inflow through a bileaflet valve leads
to a completely different and more complex flow pattern inFIGURE6. Flow pattern in a patient with a tilting-disc valve with anterior orient
See the text for a detailed description.
The Journal of Thoracic and Carthe left ventricle (Figure 3). In most of our patients, the in-
flow through the septal orifice was dominant and resulted
in a major vortex rotating in the opposite direction compared
with that seen in healthy hearts. This is partially supported
by prior in vitro simulations24-26 and animal experi-
ments27-29 and might be explained by asymmetry of theation of the greater orifice. This is the same principle of display as in Figure 4.
diovascular Surgery c Volume 139, Number 6 1507
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ber, which includes the left ventricular outflow tract, is larger
than the posterior one, the mitral inflow penetrates the ven-
tricle mainly through the septal orifice.28 Asynchronous
opening of the leaflets26 or asymmetry of the atrial
flow5,6,25 might further contribute.
Our measurements indicate for the first time, that intraca-
vitary blood flow in patients with bileaflet valve prostheses
is less energy efficient than in healthy hearts. Higher energy
dissipation can be explained by the nonphysiologic forma-
tion of a major vortex rotating in the opposite direction com-
pared with that seen in healthy hearts and the outflowing
blood crossing the inflow tract during systole.
Our results show that unfavorable left ventricular geome-
try further disturbs vortex formation. This has not been de-
scribed previously because experimental studies assume
‘‘normal’’ ventricles. Nevertheless, with the observation of
2 counterrotating vortices in the apical and basal halves of
the ventricle, we can show for the first time a human in
vivo correlate to the color Doppler patterns described by
Van Rijk–Zwikker and coworkers28 in pigs.
Bioprosthetic Valve
In concordance with the numeric simulations of Pedriz-
zetti and Domenichini,10 we observed in patients with bio-
prosthetic valves a completely symmetric inflow pattern
leading to a symmetric vortex ring (Figure 5). At the end
of diastole, this symmetry is lost, and the part of the vortex
ring that becomes dominant rotates in the opposite direction
compared with that seen in healthy hearts.
Our data indicate that the flow pattern in bioprosthetic
valves also results in higher energy dissipation. This might
be explained by the division of the blood stream in counter-
rotating parts that leads to a higher loss of kinetic energy
than in the single vortex of a normal heart. Position of the
valve and, similar to bileaflet prosthesis, left ventricular ge-
ometry markedly influence the flow pattern. Our data help us
understand the previous color Doppler observations of
Maire and associates,30 who described unusual flow patterns
in patients with an eccentric bioprosthetic valve position.
Tilting-Disc Valve With Anterior Orientation of the
Greater Orifice
Our findings in the patient with a tilting-disc prosthesis
are in concordance with previous Doppler- or MRI-based
publications.30-32 The presence of a hypertrophied left ven-
tricular septum explains the formation of the additional
counterrotating vortex at the apex (Figure 6). Single tilt-
ing-disc prostheses are rarely used in the mitral position
nowadays. Based on our experiences, however, we hypoth-
esize that the normal direction of inflow vortex formation
and the separation of inflow and outflow tracts might be
best simulated by a mitral tilting-disc prosthesis with the
larger orifice in a posterior orientation.30-32 To what extent1508 The Journal of Thoracic and Cardiovascular Surthis might counterbalance the disadvantages of this type of
valve replacement therapy remains to be determined.Clinical Considerations
It has been assumed based on numeric simulations and in
vitro and in vivo experiments, as well as color Doppler and
MRI measurements, that prosthetic heart valves seriously
disturb intraventricular flow patterns.10,19,24-32 The applica-
tion of PIV to echocardiography allows, for the first time,
direct visualization and, in part, quantification of those pat-
terns and enables estimation of energy dissipation in the left
ventricle by means of a noninvasive technique.
Numeric simulations of energy dissipation support the
thesis that the natural left ventricle is optimized to forward
the blood with the lowest energy loss possible.11 A discon-
tinuous blood pump can work most efficiently if the momen-
tum of the blood is maintained. A linear arrangement of heart
chambers would require constant deceleration and accelera-
tion of the blood and would waste kinetic energy. In contrast
to any linear arrangement of heart chambers, it is more en-
ergy efficient to have adjacent inflow and outflow tracts
and a diastolic vortex formation, which stores energy and
redirects the blood stream while maintaining its kinetic
energy.11
To what extent vortex formation contributes to an optimi-
zation of cardiac performance is subject to debate.33 Some
authors assume that accelerating blood accounts only for ap-
proximately 2% of the energy consumption of a healthy
heart.34 Pedrizzetti and Domenichini10 showed in a numeric
simulation that even slight changes in mitral valve position
can result in energy dissipation in the range of 15%. A coun-
terrotating vortex or more complex flow-pattern changes are
likely to result in even higher energy loss. It might therefore
be relevant to optimize intracavitary blood flow after valve
replacement, particularly in dysfunctional ventricles. We be-
lieve that this new technique of echocardiographic PIV can
contribute to a better understanding of hemodynamic conse-
quences of heart valve surgery and thus to an optimization of
such a therapy.Limitations of the Study
The current echocardiographic PIV method is 2 dimen-
sional and thus has limits regarding the analysis of the
3-dimensional structure of flow patterns. This inherent prob-
lem of clinical echocardiographic analysis can currently not
be solved because of the low temporal and spatial resolution
of echocardiographic 3-dimensional imaging technology.
We are confident, however, that merging information from
3 apical views is sufficient to recognize larger 3-dimensional
structures in the intracavitary flow of the left ventricle. This
is supported by the fact that the results of our data interpre-
tation are in accordance with mathematic modeling and true
3-dimensional MRI measurements of cavitary flow. Futuregery c June 2010
Faludi et al Acquired Cardiovascular Diseasedevelopments in 3-dimensional echocardiography might
further improve echocardiographic PIV.
Thus far, flow-pattern analysis is descriptive and at best
semiquantitative. The relation between flow patterns and en-
ergy dissipation is extremely complex and difficult to ex-
press in a few simple, clinically useful numbers. Further
studies are needed to better understand these relationships
and to offer quantitative measures for intracavitary blood
flow analysis.
Ventricular shape changes caused by age, previous mitral
valve disease, or removal of the subvalvular apparatus were
not considered. The study was not powered to investigate
possible relations between valve size and flow patterns.
Our data suggest, however, that the presence of a mitral
valve prosthesis dominates intracavitary flow-pattern devel-
opments and is only modulated by left ventricular geometry.
Outcome data are needed to evaluate the clinical relevance
of our findings.A
C
DConclusion and Outlook
For the first time, we present a description of normal intra-
ventricular blood flow patterns and their changes caused by
mitral valve surgery based on noninvasive echocardio-
graphic PIV. The technique was feasible in the clinical set-
ting and allowed clear differentiation of normal from
disturbed flow patterns after mitral valve replacement, as
well as quantification of left ventricular energy dissipation.
Future applications of echocardiographic PIV might com-
prise the study of postoperative left ventricular flow charac-
teristics to optimize bioprosthetic and mechanical heart valve
design. Preoperative PIV could help to select most optimal
implantation techniques, such as valve replacement with or
without preservation of the subvalvular apparatus, or to
optimize implantation for a specific pathology, such as post-
infarction patients or hearts with septal hypertrophy. Flow in-
vestigations by PIV could also improve valve reconstruction
strategies or help to optimize other surgical cardiovascular
interventions, such as Fontan operations. Pathophysiologic
knowledge could be gained on the relation between left ven-
tricular and left atrial flow characteristics and the rate of
thromboembolic events.
We therefore conclude that echocardiographic PIV has
potential clinical importance for the analysis of cardiac func-
tion and guidance of cardiosurgical interventions.References
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